The retroviral Gag-like protein p58 gag expressed in a highly metastatic ascites rat mammary adenocarcinoma has been implicated in cell surface changes contributing to xenotransplantability. p58 gag is present in the cells in a plasma membrane-and micro®lament-associated signal transduction particle containing Src and is phosphorylated on tyrosine. Overlay analyses and anity chromatography with glutathione S-transferase (GST) fusion proteins of Src homology-3 (SH3) domains showed direct binding of the Src but not the Crk SH3 domain to p58 gag . This association was con®rmed by coimmunoprecipitation of partially puri®ed p58 gag from ascites cell lysates with platelet Src. Further, a GSTp58 gag fusion protein bound full length c-Src from either platelets or c-Src-expressing insect cells. The GST-p58 gag fusion protein, but not GST, was phosphorylated by platelet or insect cell-expressed c-Src, but not by a kinase negative c-Src variant. The binding of GST-p58 gag to c-Src was almost completely abolished by a 50-fold excess of the GST-SH3 domain of Src, and a parallel decrease in tyrosine phosphorylation of p58 gag was observed. These results demonstrate that p58 gag is tyrosine-phosphorylated as a consequence of its speci®c association with c-Src via its SH3 domain. These observations suggest a mechanism by which Gag proteins may contribute to retroviral maturation or pathogenesis through binding and relocalization of SH3 domaincontaining proteins such as Src-like tyrosine kinases to sites of association of micro®laments with the plasma membrane.
The retroviral Gag-like protein p58 gag expressed in a highly metastatic ascites rat mammary adenocarcinoma has been implicated in cell surface changes contributing to xenotransplantability. p58 gag is present in the cells in a plasma membrane-and micro®lament-associated signal transduction particle containing Src and is phosphorylated on tyrosine. Overlay analyses and anity chromatography with glutathione S-transferase (GST) fusion proteins of Src homology-3 (SH3) domains showed direct binding of the Src but not the Crk SH3 domain to p58 gag . This association was con®rmed by coimmunoprecipitation of partially puri®ed p58 gag from ascites cell lysates with platelet Src. Further, a GSTp58 gag fusion protein bound full length c-Src from either platelets or c-Src-expressing insect cells. The GST-p58 gag fusion protein, but not GST, was phosphorylated by platelet or insect cell-expressed c-Src, but not by a kinase negative c-Src variant. The binding of gag to c-Src was almost completely abolished by a 50-fold excess of the GST-SH3 domain of Src, and a parallel decrease in tyrosine phosphorylation of p58 gag was observed. These results demonstrate that p58 gag is tyrosine-phosphorylated as a consequence of its speci®c association with c-Src via its SH3 domain. These observations suggest a mechanism by which Gag proteins may contribute to retroviral maturation or pathogenesis through binding and relocalization of SH3 domaincontaining proteins such as Src-like tyrosine kinases to sites of association of micro®laments with the plasma membrane.
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Introduction
Signi®cant progress has been made in recent years in characterizing components and structures involved in membrane-micro®lament interaction sites, which are critical cellular locales for the transduction of a variety of signals (Carraway and Carraway, 1995; . The regulation of interactions among the components of these structures is less well understood. However, the elucidation of several classes of binding domains or motifs (overviewed in Lin and Pawson, 1997) being identi®ed in signaling and membrane skeletal proteins is beginning to provide insights into molecular mechanistic explanations for the transduction of signals to the cytoskeleton . Two important classes of domains, SH2 and SH3 (Src homology 2 and Src homology 3) domains, are key elements mediating protein-protein interactions in signaling pathways. SH2 domains bind to phosphorylated tyrosine residues in speci®c short motifs (Birge and Hanafusa, 1993; Zhou and Cantley, 1995) , and SH3 domains bind to proline-rich sequences containing PXXP (Feller et al., 1994) . Both have been implicated in cellular assembly of signaling complexes Pawson and Schlessinger, 1993) and in localization of signaling proteins at sites of interaction of membranes with the cytoskeleton, particularly micro®laments (reviewed in Carraway and Carraway, 1996; .
Tyrosine phosphorylation is one of the earliest events in many cellular signaling pathways, and phosphotyrosine-containing proteins are often localized to sites of membrane-micro®lament interactions (Maher et al., 1985; Glenney, 1992) . These modifications are catalyzed by either activated receptor or nonreceptor tyrosine kinases. For example, members of the Src family of nonreceptor kinases have been implicated in numerous cell surface phenomena which occur at membrane-micro®lament interfaces (reviewed in Krueger et al., 1983; . pp60 src and other tyrosine kinases have been localized to specialized regions of membrane-micro®lament interaction, such as focal adhesions (Krueger et al., 1983; Schaller et al., 1992) and cadherin-containing cell-cell junctions (Shriver and Rohrschneider, 1981; Tsukita et al., 1991) . Further, oncogenic tyrosine kinases induce morphological transitions as part of the oncogenic transformation process (Burridge, 1986; Hamaguchi and Hanafusa, 1987; Holme, 1990) . Although both cSrc (Fox et al., 1993; Fox, 1994) and v-Src (Burr et al., 1980) are found in association with Triton-X-100-insoluble cytoskeletal fractions, the mechanisms for their associations are largely unknown. Unlike Abl, which associates with micro®laments directly (McWhirter and Wang, 1991) through its C-terminal micro®lament binding domain (Van Etten et al., 1994) , Src has no such domain for direct binding. Little is known about the molecular aspects of Src family association with micro®laments, but a likely mechanism is indirect association via interaction with proteins which bind directly to micro®laments. These proteins may have signal protein binding domains such as SH2 and SH3 domains (Feller et al., 1994) or binding motifs for these domains, or they may bind adaptor proteins which link them to signaling proteins (Feller et al., 1994; Birge et al., 1996) . For example, the actinbinding protein tensin (Lo et al., 1994a) contains an SH2 domain (Davis et al., 1991) , implicating this membrane skeletal protein in linking signal transduction to the cytoskeleton (Lo et al., 1994b) . Although their cellular functions are yet poorly understood, SH3 domains have also been strongly implicated in cellular localization of signaling elements to activated receptors and to the membrane-cytoskeleton interface . They are found along with SH2 domains in adaptor proteins and have been identi®ed in several previously characterized membrane skeletal proteins . The presence of both SH2 and SH3 domains in Src suggests potential molecular mechanisms for the indirect linkage to the micro®lamentous cytoskeleton via interactions of either or both of these domains with proteins at the membrane-micro®lament interface having the appropriate binding motifs.
The study of the organization of proteins at membrane-micro®lament interaction sites is confounded by the complexity of these multi-molecular associations and the diculties in obtaining sucient puri®ed material for analysis. One model system which is particularly amenable to these studies is microvilli isolated from ascites sublines of the 13 762 rat mammary adenocarcinoma . The microvilli can be isolated using minimally perturbing conditions and puri®ed in quantities sucient for biochemical characterization (Carraway et al., , 1983 . A 58 kDa protein which associated with both membranes and micro®laments Liu et al., 1989) was implicated in the stabilization of the microvilli and their receptors in the sublines which expressed it. The anchorage mechanism was proposed to be the association of p58 with a large, micro®lament-associated glycoprotein complex, the transmembrane complex (TMC) (Carraway et al., 1983 (Carraway et al., , 1991 . Biochemical and immunological studies showed that the p58-containing TMC comprises a large, stably associated cell surface signal transduction particle (Carraway et al. 1999, in press) containing the receptor tyrosine kinase p185 neu /ErbB2 (Carraway et al., 1993) and the cytoplasmic tyrosine kinases c-Src and c-Abl (Juang et al., 1996) .
The p58 gag protein is present in microvilli of the MAT-C1 ascites subline but not in the closely related MAT-B1 subline (Carraway et al., , 1983 , derived from the same solid tumor. Several salient observations have been made on the expression of p58 gag and the unusual properties of the MAT-C1 subline.
(1) The MAT-C1 ascites subline has highly stable branched microvilli and immobile cell surface receptors, while the MAT-B1 subline has unbranched microvilli and mobile cell surface receptors (Carraway et al., 1979; Huggins et al., 1980) . (2) The MAT-C1 subline is xenotransplantable into mice, while the MAT-B1 subline is not (Sherblom et al., 1980) . (3) Xenotransplantability is correlated with the presence of stable cell surfaces and the unusual branched microvilli in a series of 13 762 sublines (Howard et al., 1982) . This observation is consistent with the concept that receptor mobility on a target cell is required for immune cell killing (Nicolson, 1976) . (4) The p58 gag in the microvilli of MAT-C1 cells interacts with actin and glycoproteins in a microfilament-associated TMC (Carraway et al., 1983) . (5) Puri®ed p58 gag binds actin, phospholipid (Liu et al., 1989) and the TMC-glycoprotein complex (11, 30) , consistent with the hypothesis that it plays a role in stabilizing membrane-micro®lament interactions in the MAT-C1 cells (Carraway et al., 1983) .
Cloning and sequence analysis of p58 (Juang et al., 1994; gag has a consensus motif at its N-terminus for myristoylation, consistent with its lipid-binding capability. Second, it contains proline-rich motifs similar to those which bind SH3 domains of Src (Ren et al., 1993) , suggesting that p58 gag may provide a binding site in the signal transduction particle (STP) for Src via its SH3 domain. In the present studies we show that p58 gag binds the SH3 domain of pp60 src as well as full length c-Src, implicating p58 in localizing Src to the micro®lament-associated STP. The binding of a cellularly expressed Gag-like protein to signaling proteins at the membrane-micro®lament interface may have broader implications in the involvement of Gag proteins in the assembly of retroviruses and/or their disruption of host cell function.
Results

Attempts to demonstrate a direct interaction between p58
gag and c-Src by co-immunoprecipitation of a bimolecular complex was complicated by the stability of the large complex with which these cytoplasmic proteins are associated. Co-immunoprecipitation of p58 gag and c-Src from cells or microvilli lysed in nondissociating buer with antisera to p58 gag or c-Src resulted, as expected, in the co-immunoprecipitation of the stable signaling complex, including actin (data not shown). Immunoprecipitation from microvillar fraction lysates made with RIPA buer, designed as a dissociating buer (Burr et al., 1980) , gave a somewhat simpler co-immunoprecipitation pattern, but these conditions were also insucient for extensive dissociation of the large complex (data not shown).
Binding of p58 gag to recombinant SH3 domain of Src
To investigate directly whether p58 gag can bind to c-Src via its SH3 domain, we used a biotinylated GST fusion protein of the Src SH3 domain to probe blots of microvillar fractions containing p58 gag . The major species bound by the GST-Src-SH3 domain was a band at &58 kDa, enriched in the microvillar micro®lament core and membrane fractions ( Figure  1A ), as expected for p58 gag . No binding was observed with the GST protein or with GST-Crk-SH3 (data not shown) in any of the fractions. To verify that the 58 kDa protein is p58 gag , soluble microvillar fractions containing p58 gag were subjected to anity chromatography on columns containing GST and GST fusion Figure 1B ).
Binding to and phosphorylation of 35 S-labeled, in vitrotranslated p58 gag by platelet c-Src
The binding of full length c-Src with p58 gag was demonstrated by incubating platelet lysates, which contain a high level of Src (Golden et al., 1986) , with in vitro-translated, labeled p58 gag (Juang et al., 1994 ) and immunoprecipitating with anti-Src or nonimmune serum (Figure 2 ). Since MAT-C1 microvillar p58 gag is constitutively phosphorylated on tyrosine (Juang et al., 1996) , the binding and phosphorylation of p58 gag by Src were examined using a GST fusion protein of p58 gag . Platelet Src bound GST-p58 gag but not GST beads (Figure 3 ). To determine whether the bound p58 gag can serve as a substrate for Src, the beads containing platelet Src were incubated with either [ 32 P] ATP or unlabeled ATP and assayed by autoradiography or anti-phosphotyrosine blotting, respectively. In each case a single band was observed which comigrated with GST-p58 gag (Figure 3 ), indicating that Src binding leads to phosphorylation of the Gag-like protein. Interestingly, no autophosphorylated product of Src was detected in these experiments, suggesting . Biotinylated recombinant GST-Src SH3 and GST-Crk SH3 fusion proteins were made as previously described (Mayer et al., 1991) . (A) anity blot overlay of microvilli, microvillar micro®lament core and membrane fractions with biotinylated recombinant GST-Src and GST-Crk SH3 domain peptides. First panel, Coomassie blue-stained gel of microvillar fractions; second and third panels, blots of microvillar fractions with GST-Src and GST-Crk SH3 domains, respectively, detected by strepatavidin-conjugated alkaline phosphatase. (B) anti-p58 gag blot of SDS ± PAGE gel of anity column-bound protein. GST-Src and -Crk SH3 domain recombinant peptides were immobilized on agarose, and an aliqout of the soluble micro®lament core peripheral membrane protein fraction from Con Aagarose p58 gag was incubated with each, as described in Materials and methods. The recombinant peptides with bound proteins were eluted with 10 mM reduced glutathione, and the eluted proteins were analyzed by SDS ± PAGE and immunoblotting with anti-p58 gag Figure 2 Binding of in vitro-translated p58 gag to platelet c-Src. Cleared human platelet lysate was mixed with in vitro translation mixture containing 35 S-methionine-labeled p58 gag , prepared as described previously (Juang et al., 1994) . Src was immunoprecipitated from the lysate with anti-Src antibody, and the immunoprecipitates were analysed by SDS ± PAGE and fluorography that p58
gag binding results in a conformational rather than an autophosphorylation-enhanced activation of the kinase. This observation is similar to that reported for Nef activation of the Src family kinase Hck via a high anity interaction with its SH3 domain (Moare® et al., 1997) .
Phosphorylation of GST-p58
gag by insect cell-expressed c-Src
To verify that p58 gag is tyrosine-phosphorylated by Src rather than by another tyrosine kinase, we used an insect cell system for the expression of c-Src (Figure 4) . Analysis of lysates of the insect cells by immunoblotting with anti-c-Src showed that only the c-Src-infected cultures contained detectable Src. To demonstrate the binding of insect cell-expressed Src by p58 gag , insect cell lysates were incubated with GST-p58 gag ( Figure 4A , lanes 2) and GST (lanes 3) beads. Only the GST-p58 gag beads bound the insect cell-expressed Src. To test directly the ability of Src to phosphorylate p58 gag , Src was isolated by immunoprecipitation from Src-infected or uninfected insect cells ( Figure 4B ). Cell lysates expressing c-Src were incubated with anti-c-Src ( Figure 4B, lanes 1 and 3) or nonimmune serum Ig (lanes 2 and 4) on beads. GST-p58 gag ( Figure 4B , lanes 1 and 2) and GST protein (lanes 3 and 4) from E. coli were puri®ed by anity chromatography and incubated with the beads containing the immune complex of Src. The capability of p58 gag to serve as a substrate for Src was assayed for each of the samples by incubating with [ 32 P]ATP or unlabeled ATP. The labeled and unlabeled samples were analysed by SDS ± PAGE and fluorography or anti-phosphotyrosine immunoblotting, respectively. Phosphorylated bands corresponding to GSTp58 gag were observed by both detection methods ( Figure  4B , lane 1). No phosphorylation was seen with the nonimmune serum control, with uninfected insect cells or with GST protein. This experiment was also repeated using kinase-inactive Src (Piwnica-Worms et al., 1990) expressed in insect cells as a negative control, and no phosphorylation was observed (data not shown). These combined results clearly demonstrate that c-Src is capable of phosphorylating as well as binding p58 gag .
Competition of binding of c-Src to p58
gag by recombinant Src SH3 domain To establish de®nitively that binding of c-Src to p58 gag occurs via the Src SH3 domain, the binding study was performed as in the previous experiment in the absence and presence of varying concentrations of GST-SH3 domain of c-Src. As shown in Figure 5 , nearly complete competition was observed when binding was Figure 3 Binding to and phosphorylation of GST-p58 gag by platelet c-Src. GST-p58 gag fusion protein prepared in E. coli (Juang et al., 1994) was analysed by anti-p58 blot and Coomassie blue stain (®rst two panels). Glutathione-Sepharose 4B bead-conjugated GST-p58 gag was incubated with platelet lysates and the washed beads analysed for bound Src by anti-c-Src blot (third panel). Phosphorylation of p58 gag by bound Src was assayed by in vitro kinase assay with [ performed in the presence of 3.6 nmol of GST-SH3 domain, a 50-fold molar excess over full length c-Src. As predicted, a concomitant decrease in tyrosine phosphorylation of p58 gag was observed, demonstrating that tyrosine phosphorylation of p58 gag is a consequence of the binding of c-Src via its SH3 domain.
Discussion
The (proto)oncogene tyrosine kinase receptor p185 neu is a component of the TMC glycoprotein complex, suggesting that this docking site with micro®laments is a large signal transduction particle (Carraway et al., 1983) . The presence of all of the components of the Ras to MAP kinase pathway (Carraway, et al., 1999, in press) , as well as the intracellular kinases c-Src and cAbl (Juang et al., 1996) , supports this hypothesis. The present studies provide a new facet for the role of p58 gag in the ascites tumor cells. In addition to its role in stabilizing membrane-micro®lament interactions by direct association with micro®laments, the bilayer (Liu et al., 1989 ) and a membrane glycoprotein (Li et gag by the GST-SH3 domain of Src. Aliquots of GST-p58 beads (0.17 nmol) were incubated with sf9 cell lysate containing c-Src protein (0.67 nmol) and varying concentrations of GST-SH3 domain (0 ± 34 nmole, representing 0 ± 50-fold molar excesses over full length Src). The amount of c-Src bound in each incubation mixture was assayed by Coomassie blue staining of the SDS ± PAGE gel of the GST-p58 gag beads. p58 gag phosphorylation was detected by stripping the blot and re-probing with anti-phosphotyrosine antibody al. 1999, in press), it may also serve as a scaolding protein to recruit signaling elements which have SH3 domains to the plasma membrane and to membranemicro®lament interaction sites. p60 src is targeted to the membrane via its myristoylation site, but may be recruited to the p185 neu containing signal transduction particle via its interaction with a polyproline motif in p58 gag . The characterization of the molecular basis for the interaction of p58 gag with Src represents the ®rst description of a molecular mechanism for a proteinprotein interaction involved in the assembly of this large, micro®lament-associated signal transduction particle (see model, Figure 6A ). Tyrosine phosphorylation of p58 gag (Juang et al., 1996) may also create SH2 binding sites which can recruit additional signaling components to assemble a complex at the growth factor receptor-containing membrane-micro®lament interaction site (Carraway et al., 1983) . Such proteins having binding sites for both SH2 and SH3 domains can be regarded as retroadaptors, acting in a complementary manner to adaptors in the assembly of signaling complexes. These scaolding proteins might be expected to include many of the membrane skeletal proteins.
Since p58 gag is a truncated homolog of Gag proteins in infective retroviruses (Juang et al., 1994;  Figure 6B ), these considerations may also apply to mechanisms important in viral infections. Many retroviral Gag proteins contain similar proline-rich motifs. What speci®c role(s) these sequences play in viral functions is at present unclear. Although micro®laments have been implicated in retroviral maturation and functions (Damsky et al., 1977; Edbauer and Naso, 1984; Higley and Way, 1997) , little is known about the molecular mechanisms for micro®lament association or the role of this interaction(s) in viral assembly or in alterations in cellular function. Our results on the membraneskeletal protein p58 gag suggest a mechanism for both. The proline-rich sequences in a Gag protein can bind to the SH3 domain of a membrane-associated signaling protein such as c-Src and recruit it to the membranemicro®lament interface. This localization may be important in maturation of the Gag protein-containing retrovirus. Binding of the HIV/SIV Nef protein to B A Figure 6 Model for p58 gag association with Src in the micro®lament-associated, p185 neu containing signal transduction particle (A); and comparison of p58 gag with a typical retroviral gag protein (B) a subset of Src kinases in monocytic cells via interaction of PXXP motifs with SH3 domains has been proposed to play a role in higher replicative function of Nef + viruses (Saksela et al., 1995) . The HIV Gag protein p6 gag , the C-terminal polypeptide of the precursor Pr55 gag , contains a P-X-X-P sequence which is required for ecient virus particle production (Huang et al., 1995) and may function by binding to an SH3 domain-containing protein. Another example of Gag protein participation in pathogenesis is that of the murine acquired de®ciency syndrome (MAIDS) virus, whose causative agent is a defective MuLV encoding a truncated Gag protein p60 gag (Aziz et al., 1989; Morse et al., 1992) , which is similar to p58 gag . In one hypothesis proposed to explain the pathogenic eects of MAIDS, p60 gag is assumed to interact with one or more cellular signal transduction pathways to induce an oncogenic type response (Aziz et al., 1989) .
Our observations on Src binding to a membrane skeletal Gag protein suggest a possible molecular paradigm for retroviral pathogenesis: the association of a signaling protein via its SH3 domain to a polyproline motif in a micro®lament-binding protein.
Such an association would position both the Gag protein and the signaling protein advantageously to remodel cellular architecture and cause global changes in the cell structure and functions. A similar function might be postulated for cell transformation by v-Crk, which has a viral Gag sequence fused to a c-Crk sequence. v-Crk localizes to focal adhesions in transformed NIH3T3 cells, induces tyrosine phosphorylation of membrane skeletal proteins such as p130 CAS (Nievers et al., 1997) and has been implicated as a scaolding protein activator of Rho-dependent organization of the assembly of focal adhesions (Altun-Gultekin et al., 1998) . A mechanism might be envisioned in which polyproline sequences in the Gag portion of vCrk binds a membrane-skeletal protein important in actin organization at the membrane-micro®lament interface in focal adhesions.
We further suggest that expression of this truncated retroviral gag gene product in the most aggressive sublines of the ascites rat mammary tumor cells aords them a selective advantage by modifying their cell surface properties. To our knowledge, this is the ®rst reported example of a retroviral Gag-like protein for which a speci®c role in tumor progression has been proposed. An understanding of the interactions and functions of the 58 kDa Gag-like protein in the tumor cells, as well as the cellular consequences of its phosphorylation at speci®c sites, may provide valuable insights into the roles of retroviral gag proteins in viral maturation as well as molecular mechanisms for their disruption of normal host cell function.
Materials and methods
Preparation and immunoblot analyses of microvilli, microvillar micro®lament cores and transmembrane complex fractions MAT-C1 subline cells of the 13 762 ascites rat mammary adenocarcinoma were grown by intraperitoneal injection (Carraway et al., 1979) . Microvilli were isolated by gentle shearing of the cells at 48C in isotonic buer followed by dierential centrifugation . Micro®lament cores were prepared by extraction of microvilli in a Triton X-100-containing isotonic buer at pH 6.8 and centrifugation, as previously described (Carraway et al., 1983; Carraway and Weiss, 1985) . To obtain soluble p58 gag uncomplexed with transmembrane complex glycoproteins (Carraway et al., 1991) , microvilli were solubilized in 2% sodium dodecyl sulfate SDS. The resulting solution was passed through a Concanavalin A (Con A)-Sepharose column to remove the TMC-glycoproteins, and the unbound fraction was diluted with an equal volume of 1% Triton X-100.
Detection of Src SH3 domain-binding proteins using biotinylated GST-Src SH3 fusion proteins Biotinylated recombinant proteins were prepared as previously described (Mayer et al., 1991; Cicchetti et al., 1992) . Microvilli and microvillar fractions were analysed by SDS ± PAGE and blotting. Filters were blocked in TTBS (50 mM Tris (pH 8.0), 150 mM NaCl, 0.1% Tween 20) (Towbin et al., 1979) , containing 0.2% nonfat dry milk and incubated with biotinylated probes (1 mg/ml) in TTBS for 2 h. The ®lters were washed four times with TTBS and the bound biotinylated proteins were detected using streptavidinconjugated alkaline phosphatase in TTBS.
Binding of microvillar p58
gag to recombinant Src SH3 domain
Recombinant Src SH3 domain-GST fusion protein and GST were isolated from E. coli and coupled to agarose (Weng et al., 1993) . Recombinant GST-Crk-agarose served as a negative control. Aliquots of the soluble microvillar p58 gag enriched¯owthrough fraction from a Con A-agarose column were incubated with Src SH3 domain-agarose or GSTagarose overnight at 48C. The agarose conjugates were washed four times with 0.05% Triton in PBS and once with PBS prior to elution with SDS ± PAGE sample buer and analysis by SDS ± PAGE and immunoblotting with antip58 gag (Liu et al., 1989; Juang et al., 1994) .
Binding of in vitro-translated p58 gag to platelet Src Human platelets were obtained from whole blood using HISTOPAQUE-1077 TM (Sigma, St. Louis, USA) and centrifugation and stored frozen overnight. Platelet lysates were prepared by solubilization in ten volumes of 10 mM imidazoleHCl (pH 7.0) containing 40 mM KCl, 10 mM EDTA and 1% Triton X-100 for 12 min on ice and centrifugation at 3000 g at 48C for 2 min. The supernate (100 ml) was mixed with in vitro translation mixture (50 ml) containing 35 S-methionine-labeled p58 gag , prepared as described previously (Juang et al., 1994) . Src was immunoprecipitated from the lysate with anti-Src, and the immunoprecipitates were analysed by SDS ± PAGE and uorography.
Construction and analysis of GST-p58 gag fusion protein GST-p58 gag expression DNA was constructed by in frame fusion of p58 gag cDNA with the pGEX-4T-1 vector, transformed into E. coli BL21 and induced by 0.1 mM isopropyl-1-thio-b-D-galactoside (IPTG). Cells were lysed in cold PBS/100 mM EDTA/1% Triton X-100/protease inhibitor cocktail/1 mM dithiothreitol with sonication and the lysate centrifuged. The supernate was incubated with 1 ml glutathione-Sepharose 4B beads (Pharmacia Biotech, Piscataway, NJ, USA) overnight at 48C, and the beads were washed extensively with PBS-100 mM EDTA. The protein was eluted from the beads by incubation with 10 mM glutathione (reduced) in 50 mM Tris (pH 8.0) at room temperature for 1 h. The supernate was analysed by SDS ± PAGE analysis with anti-p58 blot and Coomassie blue staining of GST-p58 gag and GST proteins.
Binding to and phosphorylation of GST-p58 gag by insect cell-expressed c-Src
Baculoviruses containing either c-Src or mutant kinaseinactive c-Src DNA (Piwnica-Worms et al., 1990 , gifts from Dr Kermit L Carraway III, Harvard, USA) were infected into Sf9 cells, and the infected cells were cultured for 56 h. Cells lysed with a dissociating radioimmunoassay buer (RIPA buer, Burr et al., 1980: 0.1% SDS, 1% NP-40, 0.5% deoxycholate, 150 mM NaCl, 50 mM Tris, pH 8.0) containing a protease inhibitor cocktail were centrifuged to remove insoluble material. Supernates (250 ml) containing cSrc or mutant kinase-inactive c-Src were incubated with antic-Src monoclonal antibody (kindly contributed by Dr Xiaoyun Zhu) at 48C overnight, then linked to protein Aagarose beads containing anity-puri®ed goat anti-mouse IgG (Boehringer Mannheim, Indianapolis, IN, USA). The Src-bound beads were washed and incubated overnight at 48C with 50 ml (approximately 10 mg) of GST-p58 gag or GST protein puri®ed by elution from a glutathione column. After extensive washing, 12 ml of ATP mixture (0.15 mM ATP, 30 mM MgCl 2 , 200 mCi [g-32 P]ATP/ml in kinase buer) were incubated at 308C for 30 min. Phosphorylated, beadassociated proteins were eluted with sample buer for analysis by SDS ± PAGE and autoradiography.
Competition of binding of c-Src to p58
gag by recombinant Src SH3 domain Puri®ed GST, GST-SH3, gag and insect cell cell lysates containing c-Src protein were prepared as described above. GST-p58 was pre-absorbed with GST protein for 2 h at 48C. After washing, 20 ml of GST-blocked GST-p58 beads was incubated with 10 ml of c-Src-containing sf9 cell lysates without and with varying amounts of GST-SH3 peptide (0 ± 34 nmol) at 48C overnight in kinase buer. c-Src binding to GST-p58 was analysed by anti-Src blotting of an SDS ± PAGE gel. The amount of c-Src bound was determined by densitometric comparison of bands on the blot to a standard curve of recombinant c-Src (Upstate Biotechnology Inc., Lake Placid, USA). The amount of Src SH3 domain at each concentration was estimated by comparative densitometry values corrected for dierence in Mr. Phosphorylation of p58 gag was assayed by stripping the blot and probing with anti-phosphotyrosine antibody (Transduction Laboratories, Lexington, KY, USA).
